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E-mail addresses: microzh@xmu.edu.cn, wshwzh@There are bacteria coexisting in xenic cultures of Alexandrium tamarense, a red-tide causing alga. However
little is known concerning the interactions between the alga and the bacteria in its phycosphere. The
objective of the current study was to determine the effect of the bacteria in its phycosphere on the growth
of the alga. We added one percent (v/v) Zobell 2216E medium to A. tamarense culture to alter bacterial
growth and the results showed that algal cells were all lysed within 14 h. After adding the medium, both
the abundance and the extracellular enzyme activity of the bacteria increased by 50–100 times from the
4th to the 10th hour which resulted in lysis of the algae. The 16S rRNA gene fragments of the bacteria were
amplified from the DNA extracted from A. tamarense cultures and analyzed by denaturing gradient gel
electrophoresis and sequencing. The structure of the bacterial community in phycosphere changed signif-
icantly during algal lysis. Two bacterial genera, Alteromonas sp. and Thalassobius aestuarii sp. are key fac-
tors that caused the lysis, and the b-glucosidase and chitinase produced by the bacteria in the phycosphere
could directly cause the lysis. These experiments provide evidence that bacteria in its phycosphere play a
key role in the culture of A. tamarense, and may provide insights into the future biocontrol of red-tides.
 2009 Elsevier Inc. All rights reserved.1. Introduction
It is well known that algae are the most important primary pro-
ducers in the marine ecosystem and that, in the process of growing,
they can release many extracellular products into the marine envi-
ronment, such as carbohydrates, amino acids and peptides, sugars,
polyalcohols, vitamins, enzymes, and toxins. All these form the
important source of marine organic material (Hellebust, 1965;
Fogg, 1966; Alexander, 1971), and the algal extracellular products
are important contributors to bacterial food chains. Bell and Mitch-
ell (1972) thought that a region might exist extending outward
from an algal cell or colony for an undefined distance, in which
bacterial growth is stimulated by extracellular products of the alga,
and they termed this region the ‘‘phycosphere”. The bacteria grow-
ing in the phycosphere might interact with the algae and form a
community with a special structure and function.
Bacteria are free-living in the phycosphere (Blackburn et al.,
1998), or are attached to the surface of the algal cells (Kogure
et al., 1982; Vaqué et al., 1990), or can occur as intracellular algal
symbionts (Lewis et al., 2001). There are special ecological interac-
tions between alga and the bacteria living in its phycosphere. Thell rights reserved.
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assimilated by the bacteria, which, in turn, may provide the alga
with inorganic nutrients and growth factors. Such bacterium–alga
interactions play a key role in the processes of biogeochemical cy-
cling within the microbial loop (Azam, 1998). The chemotactic re-
sponses of bacteria to algal extracellular products suggest that
algae may play a decisive role in the formation of the phycosphere
bacterial community structure (Bell and Mitchell, 1972; Blackburn
et al., 1998; Casamatta and Wickstrom, 2000; Gonzalez et al.,
2000). Furthermore, some studies indicate that the phycosphere
bacterial community is obviously different in phylogenesis from
free-living bacterial communities in the marine environment
(Crump et al., 1999; Rooney-Varga et al., 2005; Zheng et al., 2005).
The harmful dinoflagellate Alexandrium tamarense (Lebour) Ba-
lech commonly occurs in temperate coastal waters throughout
the world, resulting in recurrent outbreaks of paralytic shellfish
poisoning. A. tamarense isolates, like many other unicellular algae,
are obtained by micropipetting a single algal cell from an environ-
mental sample, to produce a clonal culture (Jasti et al., 2005). In the
absence of treatments to make the culture axenic, bacteria that are
initially present in the phycosphere and are capable of growing in
association with the alga can form a specific community in the
phycosphere of the cultured A. tamarense. Some of these bacteria
can mediate algal growth and influence reproduction, cyst forma-
tion, and mortality (Doucette et al., 1998; Zheng et al., 2002; Ada-
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ma et al., 1993; Imai et al., 1995; Lee et al., 2000; Mayali and Azam,
2004) have examined the effects of bacteria inhibiting the growth
of red-tide causing algae or even killing them. Little is known about
the interaction between the alga and the bacterial community in
its phycosphere because of the complex relations. In an earlier
study, we found a stable bacterial community in the xenic culture
of A. tamarense ATGD98-006. Changes in the bacterial community
could significantly influence the growth of A. tamarense, even lyse
the algal cells in a short time (Su et al., 2007; Wang et al., 2007).
Several 16S rDNA clone libraries were constructed to analyze the
microbial diversity associated with the A. tamarense. Bacteria that
commonly existed in the laboratory, were also found in A. tama-
rense cultures as a result of culturing A. tamarense. However, most
of the bacterial species in A. tamarense cultures originated from the
sea area where it was isolated (Yang et al., 2009).
Xenic culture might be a relatively simple model to study inter-
actions between an alga and bacteria in its phycosphere. In the cur-
rent study, Zobell 2216E medium was added to A. tamarense xenic
cultures which were in the stationary phase in order to alter the
growth of the bacteria in it and the process of algal lysis was inves-
tigated to elucidate the effect of the bacteria in the phycosphere on
regulating the growth of algae. The results revealed some new in-
sights into the study of bacterium–alga interactions, and may ben-
efit research biological control of the red-tide algae.2. Materials and methods
2.1. Algal cultures and the addition of Zobell 2216E medium
The experimental alga, A. tamarense ATGD98-006 (supplied by
the Algal Culture Collection, Institute of Hydrobiology, Jinan Uni-
versity, Guangzhou, China), were incubated in f/2 medium pre-
pared with natural seawater (Guillard, 1975) in two 2.5 L
Ehrlenmeyer flasks at 20 ± 1 C under a 12:12 h light–dark cycle
with a light intensity of 50 lmol photons m2 s1. After about
three weeks culturing, A. tamarense was in its stationary phase
and cell density was 6300–6500 cells mL1. At this stage, one per-
cent (v/v) of Zobell 2216E medium (5 g peptone, 1 g yeast extract,
0.1 g FePO4 in 1 L of natural seawater, pH adjusted to 7.6, auto-
claved at 121 C for 30 min) was mixed into one flask of the A. tam-
arense cultures. The zero hour samples (about 100 mL) were taken
immediately from the mixture for analysis using the methods de-
scribed below. Samples taken every 2 h for analysis. The other flask
of A. tamarense culture without the medium added was used as a
control. Also, one percent (v/v) of Zobell 2216E medium was added
to an axenic culture of A. tamarense culture (Su et al., 2007) which
was in its stationary phase and the alga was observed. And all
experiments were repeated in triplicate.2.2. Methods for A. tamarense cultures samples analysis
2.2.1. Observation of the variation in algal structure
Samples (0.1 mL) were pipetted on glass slide, and the structure
of algal cells observed under an OLYMPUS BX41 microscope. The
mobility and the cell structure of A. tamarense were observed in
random visual fields under the microscope. Photos of the morphol-
ogy of the algal cells were taken using a DP50 digital camera. On the
photos, more than 50 percent algal cells which their cellular shapes
were similar were characterized as representing of the sample.2.2.2. Measurement of chlorophyll a
Samples (10 mL) were filtered onto duplicate glass fiber filters
(GF/F grade; Whatman) and frozen at 80 C. Chlorophyll a wasextracted in 90% acetone and measured using the fluorometric
method described by Welschmeyer (1994).
2.2.3. Enumeration of total bacteria
The total number of bacteria in the A. tamarense cultures was
determined using the DAPI (40,6-diamidino-2-phenylindole) direct
count method (Sherr et al., 2001). The duplicate samples (0.2 mL)
were fixed by the addition of 5% (v/v) formalin. Then DAPI (Sigma
Corp.) was added to the samples to a final concentration of 4 lg mL1
and stained for 25 min. The samples were then filtered with black,
0.22 lm pore size 25 mm diameter, polycarbonate filters (Water-
man Corp.) under negative pressure of less than 0.07 atm. At least
10 randomly chosen fields containing 15–30 cells were counted
per filter under an epifluorescence microscope (Olympus BX41).
The formula for bacterial abundance was:
Bacterial abundance ðcells mL1Þ ¼ AS1=ðS2VÞ
A is the average number of cells per 10 fields; S1 is the effective filter
area; S2 is the area of field of vision; V is the volume of algal culture
sample filtered.
2.2.4. Extracellular enzyme activity (EEA) determination
b-Glucosidase, aminopeptidase and chitinase activity were
determined using the fluorogenic model substrates described by
Hoppe (1991, 1993). Substrates for b-glucosidase, aminopeptidase
and chitinase activity determination were 4-methylumbelliferyl-
b-glucopyranoside (MUF-GLU), L-leucine-4-methyl-7-coumarinyla-
mide (AMC-LEU) and 4-methylumbelliferyl-N-acetyl-glucosami-
nide (MUF-NAG) (Sigma Corp.), respectively. The extracellular
enzyme activity (EEA) was measured as the increase in fluorescence
intensity when the non-fluorescent substrates were enzymatically
hydrolyzed with a release of the highly fluorescent products 4-
methylumbelliferyl (MUF) or 4-methyl-7-coumarinylamide
(AMC). The rate of MUF or AMC production was equivalent to the
rate of substrate hydrolyzation. MUF-GLU, AMC-LEU and MUF-
NAG working solutions were prepared and kept cool at concentra-
tions of 8, 4 and 4 mmol L1, respectively. The enzyme reactions
were carried out by adding working solution as substrate to the test
sample, the final concentrations of MUF-GLU, AMC-LEU and MUF-
NAG being 200, 100 and 100 lmol L1, respectively. These samples
(about 35 mL) were divided into two parts, one of them were deter-
mined directly for total EEA, the other were filtered with 5 lm pore
size filters before EEA was determined. For each sample, 1 mL sub-
sample aliquots were distributed to five 5 mL Eppendorf tubes
(two for blanks and three for tests). Immediately 25 lL of a
2 mmol L1 HgCl2 solution were added to the blanks to stop any
reaction. Then all the subsamples were incubated at 20 C in the dark
for 2 h. After incubation, 25 lL of 2 mmol L1 HgCl2 was added to
stop the enzymatic reaction. Then the fluorescent values were mea-
sured with a multimode microplate reader (SpectraMax M2, Molec-
ular Devices Corp.). MUF fluorescence was measured at 450 nm
under 360 nm excitation, and AMC fluorescence was measured at
450 nm under 380 nm excitation. EEA was calculated according to
the following equation (Hoppe, 1993):
V ¼ ðF  FbÞ=ðT  SÞ
where V (lmol L1 h1) is the hydrolysis rate of EEA to substrate; F
is the fluorescence intensity of the parallels; Fb is the fluorescent
intensity of the blanks; T is the incubation time (h), and S is the fluo-
rescence intensity of a standard fluorogenic substance (MUF or
AMC) per lmol.
2.2.5. Filtration of bacteria and DNA extraction
Bacteria in A. tamarense cultures was collected by filtering
40 mL samples through 0.22 lm pore size filters (Millipore Corp.)
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The filters were cut into pieces and placed into 5 mL Eppendorf
tubes, then 2 mL DNA extraction buffer (2% (W/V) CTAB,
1 mmol L1 NaCl, 50 mmol L1 EDTA, 50 mmol L1 Tris–Cl, pH
8.0) containing lysozyme (4 mg mL1) was added, and the tubes
incubated at 37 C for 1 h. Next, proteinase K (2 mg mL1, final con-
centration) and sodium dodecyl sulfate (1%, final concentration)
were added and the mixture incubated at 55 C for 2 h. The process
which followed involved the method of Fuhrman et al. (1988).
2.2.6. PCR and denaturing gradient gel electrophoresis (DGGE) analysis
of 16S rRNA gene fragments
The DNA extracts were used as templates for PCR amplification
of the bacterial 16S rDNA gene fragment with primers 341F-GC
(the complement of EUB341 with a 40-bp GC clamp 50-
CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGGCCTACG
GG AGGCAGCAG-30) and 517R (the complement of EUB517 50-
ATTACCGCGGCTGCTGG-30) (Muyzer et al., 1993). A ‘‘touchdown
PCR” (Don et al., 1991) was used according to the protocol de-
scribed in detail by Riemann et al. (1999).
PCR products were purified with a GeneClean Turbo Kit (Qbio-
gene Corp.) as recommended by the manufacturer, the concentra-
tions of PCR products were determined by agarose gel
electrophoresis and quantitative analysis of ethidium bromide
stained gels using molecular mass standards and Quantity One-
1-D software (Bio-Rad). Equal amounts of PCR products were
loaded on 8% polyacrylamide gel containing denaturant gradients
of 40–60% from top to bottom (where 100% is defined as 7 M urea
and 40% (v/v) formamide). DGGE was performed with a D-code
universal mutation detection system (Bio-Rad Corp.) at 60 C for
6 h at 150 V in 1 TAE buffer (20 mmol L1 Tris, 10 mmol L1 ace-
tate, 0.5 mmol L1 EDTA, pH 8.0). The gel was stained for 20 min in
1 TAE containing ethidium bromide (0.5 mg L1), and de-stained
for 15 min in distilled water. Profiles were inspected under UV
illumination.
Dominant bands were excised from DGGE gels, and DNA was
eluted overnight in 50 lL TE buffer at 4 C. Then 16S rDNA geneFig. 1. Variation of algal cell structure after the Zobell 2216E medium was added to A.
Epifluorescence microscope image using DAPI staining. Arrows on image c point out the
cell wall. Arrows on image (f) point out the bacteria in A. tamarense phycosphere.fragments were reamplified from excised bands, and analyzed by
a second DGGE in order to ensure that the aimed bands were re-
solved. The PCR products were purified using GeneClean Turbo
Kit (Qbiogene Corp.) and ligated with PMD18-T vector (Takara).
The ligation products were transformed into Escherichia coli
DH5a competent cells and three clones with a 200 bp insert from
each band was sent to Invitrogen Corp. for sequencing. The se-
quence were then aligned with closely related 16S rDNA sequences
from GenBank, and a phylogenetic tree was constructed using
MEGA 4.1 software.
DGGE profiles were analyzed using Quantity One-1-D software
(Bio-Rad) to determine the position and intensities of individual
bands. DGGE profiles of communities were analyzed by subtracting
the background fluorescence from each lane, and then band inten-
sities were normalized to the total intensity of all bands in a given
lane, to give relative band intensities. Different lanes and their rel-
evant band intensity compose a matrix, and Matlab was used to
conduct principal component analysis (PCA) of the change of bac-
terial community in A. tamarense cultures.2.3. Data analysis
In order to analyse the significant difference between the re-
sults of repeated experiments, the data from each experiment were
pooled and then evaluated by one-way ANOVA (SPSS 13.0 for Win-
dows) and a least significant difference (LSD).3. Results
3.1. Variation of algal cell structure and the content of chlorophyll a in
the process of algal lysis
The algal cells completely kept their structure for 4 h, (Fig. 1a)
but lost their mobility 2 h after one percent (v/v) Zobell 2216E
medium was added into the A. tamarense culture while it was in
its stationary phase. At the same time, some floc was observedtamarense cultures. (a) The algal cell after 4 h; (b–e) The algal cell after 4–12 h; (f)
velum vesicles on the cell wall. Arrows on image e point out the broken location on
Fig. 3. Variation of bacterial abundance in the process of algal lysis. Bacterial
abundance determined by DAPI direct count method. Legend: AT+2216E: A.
tamarense culture with the Zobell 2216E medium added. AT: A. tamarense culture
without the Zobell 2216E medium added. Each point represents mean ± standard
deviation from three independent assays. There are not significantly different
(P > 0.05) between the results of repeated experiments.
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the bottom of the flasks.
There were visible changes to the algal cells 4 h after the Zobell
2216E medium was added. Some cells began to break and many
velum vesicles appeared on the girdle and sulcus of the cell wall.
Finally, the cells were broken and their contents had leaked out
(Fig. 1b–e). The top layer of the A. tamarense culture in the conical
flasks was now clear but, on the contrary, the lower layer was tur-
bid. No more complete algal cells were found under the micro-
scope after 14 h. The A. tamarense culture was almost clear
except that some debris was in the bottom of the conical flasks.
Samples were pipetted from the A. tamarense culture and stained
by DAPI about 2 h after the medium was added. Under the epifluo-
rescence microscope, many bacteria were found attached to the al-
gal cells (Fig. 1f).
There were no algal cells lysed in the axenic A. tamarense cul-
ture to which one percent (v/v) of Zobell 2216E medium was added
in the experiment. So it was the xenic A. tamarense culture which
was used as a control.
The content of chlorophyll a in the A. tamarense culture was
measured every 2 h after the medium was added. Compared to
the control, the test cultures began to show a decrease after 2 h,
and there was a rapid decrease from 6 h to 8 h after the medium
was added (Fig. 2). The value of the content of chlorophyll a was
below 0.12 mg L1 after 14 h.
3.2. Variation of bacterial abundance and activity in the process of
algal lysis
The bacterial abundance, compared to the control, varied dis-
tinctly in the A. tamarense cultures: it rapidly increased from 4 h
(with a value of 2.67  106 cells mL1) to 8 h (with a value of
1.30  107 cells mL1) after the Zobell 2216E medium was added.
After about two additional hours during which there was little
change, it rapidly increased for the second time from 10 h (with
a value of 1.38  107 cells mL1) to 12 h (with a value of
1.76  107 cells mL1). Thereafter, it changed little (Fig. 3).
The EEA in the A. tamarense cultures of less than 5 lm fraction
were about 10–30% of the total before 10 h after one percent (v/v)
Zobell 2216E medium being added into the A. tamarense culture.
And then they increased acutely to 50–82% of the total. The EEA re-
flected the activity of bacteria in the A. tamarense cultures. Activi-
ties of b-glucosidase, aminopeptidase and chitinase activities were
determined every 2 h, and they all increased after the medium was
added. On the contrary, The EEA in the control A. tamarense cul-Fig. 2. Variation of the content of chlorophyll a in the process of algal lysis. Legend:
AT+2216E: A. tamarense culture with the Zobell 2216E medium added. AT: A.
tamarense culture without the Zobell 2216E medium added. Each point represents
mean ± standard deviation from three independent assays. There are not signifi-
cantly different (P > 0.05) between the results of repeated experiments.tures remained statistically unchanged (P > 0.05). The activities of
b-glucosidase and chitinase increased rapidly from 4 h to 8 h.
And the b-glucosidase activity increased rapidly the second time
from 10 h to 12 h with a value of 1.214 lmol L1 h1, then it began
to decrease rapidly (Fig. 4).
Chitinase activity increased between 4 h (with a value of
0.064 lmol L1h1) and 8 h (with a value of 0.117 lmol L1 h1)
but it began to decrease after 12 h (Fig. 5).
After the medium was added, the aminopeptidase activity rap-
idly increased in 8 h, from 3.51 to 7.71 lmol L1h1. Then it de-
creased acutely to a level that was below the controls after 12 h
(Fig. 6).3.3. Variation of bacterial community structure in the process of algal
lysis
Many different bacteria live in the A. tamarense phycosphere,
and not only the bacterial abundance and activity, but also the bac-
terial community structure, varied in the process of algal lysis.Fig. 4. b-Glucosidase activity in the process of algal lysis. Which were determined
using the fluorogenic model substrates. Legend: AT+2216E: variation of enzyme
activity in A. tamarense culture with the Zobell 2216E medium added. AT: variation
of enzyme activity in A. tamarense culture without the Zobell 2216E medium added.
AT+2216E (<5 lm fraction): variation of enzyme activity in A. tamarense culture
with the Zobell 2216E of less than 5 lm fraction. Each point represents
mean ± standard deviation from three independent assays. There are not signifi-
cantly different (P > 0.05) between the results of repeated experiments.
Fig. 5. Chitinase activity in the process of algal lysis. Which were determined using
the fluorogenic model substrates. Legend: AT+2216E: variation of enzyme activity in
A. tamarense culture with the Zobell 2216E medium added. AT: variation of enzyme
activity in A. tamarense culture without the Zobell 2216E medium added. AT+2216E
(<5 lm fraction): variation of enzyme activity in A. tamarense culture with the
Zobell 2216E of less than 5 lm fraction. Each point represents mean ± standard
deviation from three independent assays. There are not significantly different
(P > 0.05) between the results of repeated experiments.
Fig. 6. Aminopeptidase activity in the process of algal lysis. Which were deter-
mined using the fluorogenic model substrates. Legend: AT+2216E: variation of
enzyme activity in A. tamarense culture with the Zobell 2216E medium added. AT:
variation of enzyme activity in A. tamarense culture without the Zobell 2216E
medium added. AT+2216E (<5 lm fraction): variation of enzyme activity in A.
tamarense culture with the Zobell 2216E of less than 5 lm fraction. Each point
represents mean ± standard deviation from three independent assays. There are not
significantly different (P > 0.05) between the results of repeated experiments.
Fig. 7. DGGE profile of 16S rDNA gene fragments of bacteria in A. tamarense culture
with the Zobell 2216E medium added. The result was one of the three independent
assays. All marked bands were analyzed by sequence analysis. Lane numbers
indicate to the time of sampling.
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nity structure, and the results indicated that the dominant strains
changed in the process of algal lysis. In the DGGE profile, the inten-
sity of bands ATL2 and ATL6 became increased after 2 h, while the
intensity of bands ATL1, ATL3, ATL4 and ATL5 became progres-
sively weaker over time (Fig. 7). This suggested that the strains
which had bands ATL2 and ATL6 were activated with the availabil-
ity of dissolved organics in the cultures.
Six main bands were recovered by PCR, which were then cloned
and sequenced. The sequences were aligned with closely related
16S rDNA sequences from GenBank, and a phylogenetic tree was
constructed (Fig. 8). The bacteria which had bands ATL2 andATL6 belonged to Alteromonas sp. and Thalassobius aestuarii sp.
After being analyzed and normalized using Quantity One-1-D soft-
ware, PCA of the DGGE profile was conducted by Matlab. Two prin-
cipal components (PCs) explained 97.2% of the total variability in
the bacterial community structure. It showed that the bacterial
communities gradually and continuously changed in the process
of algal lysis. There were four stages of changes in the bacterial
communities, which changed rapidly in stage 1 (0–2 h), stage 2
(2–6 h) and stage 3 (6–8 h), but remained stationary after 8 h
(Fig. 9).4. Discussion
The alga, A. tamarense, used in this experiment, was cultured
and transferred in sterile f/2 medium for many generations. Bacte-
ria that were initially present in the phycosphere were capable of
growing in association with the algae with successive transfers
(Vaqué et al., 1990; Jasti et al., 2005). This also happened in the
case of other marine algae (Kopp et al., 1997; Hold et al., 2001;
Schäfer et al., 2002; Uribe and Espejo, 2003; Green et al., 2004).
The growth and distribution, and the formation of bacterial com-
munity structure in the phycosphere were influenced by the algae,
since the f/2 medium is an environment lacking in nutrients. Jasti
et al. (2005) came to the same conclusion in their recent work. The
epifluorescence microscope image (Fig. 1f) shows that the cell wall
was the location where the bacteria assembled. The bacterial EEA
was mostly on the fraction of more than 5 lm before the lysis of
algal cells suggest that the bacteria were mostly attached to the
A. tamarense. So we could conclude that the distribution of bacteria
in A. tamarense culture was not uniform. When algae were lysed,
Fig. 8. Phylogenetic tree of 16S rRNA gene sequences obtained in the current study (bold). Distances were calculated using the maximum-likelihood method, and the tree
was constructed using neighbor-joining method.
Fig. 9. PCA of DGGE profiles of Fig. 7. Only the first principal component (PC1) and
the second principal component (PC2) were shown. The plots () indicate the
bacterial community structure of samples. The numbers indicate the time of
sampling.
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equally into the water. Then the number of bacteria increased un-
der epifluorescence microscopy as we were enumerating by direct
count method. It might be that the bacterial abundance rapidly in-
creased for the second time from 10 h to 12 h. (Fig. 3).
Undoubtedly, the activity of bacteria in the phycosphere is reg-
ulated by the extracellular products of A. tamarense. Bacteria obtain
nitrogen through the decomposition of peptide extracellular prod-
ucts excreted by the algae in the f/2 medium. This caused the ami-
nopeptidase activity to be maintained at a high level with a value
of 3.51 lmol L1 h1 in A. tamarense cultures in the stationaryphase. The aminopeptidase activity increased as the bacteria pro-
liferated after the addition of the Zobell 2216E medium into the
A. tamarense cultures. When the algal cells were broken after 8 h,
the contents of the cells, containing some bioavailable N were ex-
creted into the medium, and this caused a rapid decrease in the
aminopeptidase activity. b-Glucosidase was mainly produced by
the bacteria in the phycosphere, and b-glucosidase activity was
about 1% of the value of aminopeptidase activity in A. tamarense
cultures. This suggested that A. tamarense excreted much more bio-
available organic carbon. b-Glucosidase activity showed approxi-
mately the same variation as bacterial abundance after the Zobell
2216E medium was added. It increased to about 20 times the nor-
mal in the process of algal lysis, with a peak value of
1.214 lmol L1h1. Some studies report that algae are lysed by
bacteria through the action of an enzyme they produce (Baker
and Herson, 1978; Fukami et al., 1992; Lee et al., 2000). b-Glucosi-
dase might play a major role in cracking the A. tamarense cell wall
whose main component is polysaccharide. On the other hand, the
chitinase activity could almost be ignored because it was much
lower than the b-glucosidase and aminopeptidase activity in A.
tamarense cultures. However, it is suggested that there might be
some chitin-utilizing bacteria which play some role in the process
of algal lysis because of its approximately matching variation with
b-glucosidase activity.
When we added the same amount of Zobell 2216E medium axe-
nic A. tamarense cultures but there was no effect on the growth of
the alga. This led to the conclusion that the change in the series of
phycosphere bacteria might cause algal lysis after the Zobell 2216E
medium was added. Obviously, the added medium could not pro-
vide enough nutrients for bacteria as their abundance increased
several times. The effect of the medium might be in stimulating
the growth of one or more bacteria in the phycosphere, and thus
causing a change in bacterial community structure. The bacterial
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after the medium was added, and this heavily affected the algae
in the simple culture system and resulted in algal lysis. The PCA re-
sults clearly showed the different stages during the change of bac-
terial community structure which corresponded with the process
of algal lysis, and the changes in bacterial abundance and activity.
The bands ATL2 and ATL6 belonged to Alteromonas sp. and T.
aestuarii sp. which were not dominant in early stage A. tamarense
cultures, and they, together with other bacteria in the phyco-
sphere, formed a relatively stable relationship with the alga. How-
ever, they multiplied rapidly after the medium was added to the
culture, and caused a change in the bacterial community structure
of the phycosphere, and then the relative balance between alga and
the bacteria in its phycosphere was broken, resulting in algal lysis.
It suggested that the strains which belonged to Alteromonas sp. and
T. aestuarii sp. are one of the key factors in the process of algal lysis.
Some algae-lytic bacteria were confirmed as belonging to Altero-
monas sp. in many studies (Imai et al., 1995; Yoshinaga et al.,
1998; Kim et al., 1999; Mayali and Azam, 2004). Further more
works needed to be done to ensure whether the bacteria in A. tam-
arense phycosphere were also algae-lytic bacteria.
The current experiments were not enough to prove whether
such bacteria that lysed algae had their effect through invading
the algal cells or through the excretion of extracellular compounds.
However, the particular mechanism by which bacteria in the phyc-
osphere lysed A. tamarense might be illustrated following further
work. The b-glucosidase and chitinase might have direct effects
on algal lysis both because of the increased tendency for their
activities to correspond in time with the process of algal lysis
and because they were similar to the bacterial abundance.
The control of red-tides using bacteria has been a hot topic in
red-tide studies, and there has been some progress, even though
current research is still in its early stages. The aim of study of
bacterium-alga interactions was to find a way to regulate the
growth of red-tide causing algae and, furthermore, to apply this
in the biocontrol of red-tides. There were many difficulties in some
of the important basic work, such as the isolation of bacteria
capable of inhibiting and killing red-tide causing algae, and obtain-
ing axenic microalgal cultures. A. tamarense cultures form a bacte-
rium-alga system through many generations transferring in sterile
f/2 medium without the effects of any other biological factors.
Thus, it might be a perfect model in the study of the relationship
between an alga and the bacteria in its phycosphere in experimen-
tal conditions. When this small ecological system was studied as
whole, such difficulties as obtaining axenic algal cultures could
be avoided. Also, the action in the system might accord much more
with that in the natural environment. All this could lead to new
ideas and a breakthrough in the study of bacterium-alga
interactions.
In the natural environment, in order for the phycosphere to ex-
ist, there also would have to be some relative balance between the
microalgae and the bacterial community in their phycosphere.
When this kind of balance was broken, it could either benefit algal
growth, or on the contrary, lead to a decline in algal growth. This
phenomenon of interaction between alga and bacteria in their
phycosphere would be more obvious in coastal waters where
red-tide occurs. It is reported that viruses play a major role in some
sudden terminations of red-tide (Sieburth et al., 1988; Bratbak
et al., 1993). Other researchers suggested that the algae-lytic bac-
teria could also play a dominant role (Dakhama et al., 1993; Lee
et al., 2000). In our experiments, methods were used to alter the
relative balance between A. tamarense and the bacteria in its phyc-
osphere. These caused changes in the bacterial community struc-
ture and bacterial activity, resulting in algal lysis in a short time.
Further work on the process and the mechanism of this phenome-
non could help us to understand the functioning and communitystructure of bacteria in the phycosphere much better, and extend
and also deepen our knowledge of the ecological effect of microbial
control and regulation of red-tides, and so provide new scientific
evidence to enable the use of this strategy in the biocontrol of
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